Nanoampere pumping of Cooper pairs 
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We have employed a tunable Cooper-pair transistor, the sluice, with radio frequency control to 
pump current over a resistive circuit. We find that the charge transferred per pumping cycle can 
be controlled with the resolution of a single Cooper-pair up to hundreds of pairs. The achieved 
nanoampere current features more than an order of magnitude improvement over the previously 
reported results and it is close to the theoretical maximum value for the measured sample. 

PACS numbers: 73.23.-b 



The discreteness of electron charge together with good 
controllability of high-frequency signals renders a tunnel- 
junction based electron pump a potential quantum stan- 
dard of electric current [l| . The distinctive feature of the 
electron pump is to transfer a known multiple n of the 
elementary charge e at a fixed frequency / resulting in 
an average current 



i pump 



nef. 



(1) 



The most precise electron pump has been demonstrated 
with a relative accuracy 10 -8 using seven normal- state 
tunnel junctions in series [2]. In this design, however, 
the pumping is limited by the RC time constant deter- 
mined by the fixed tunneling resistance and capacitance 
of the island. Hence, the highest achievable current is on 
picoampere level which is well below a nanoampere de- 
sired for the so-called quantum triangle experiment Q. 
The first attempts 0, [H|, 0] to build a superconducting 
Cooper-pair pump by replacing the tunnel junctions by 
Josephson junctions were also RC time limited and, in 
addition, suffered from considerable leakage current. 

In microstructures, the tunable tunneling barriers 
or charge confinement can be arranged with the help 
of superconducting quantum interference devices [7[ 
(SQUIDs), mechanical motion Q, or by engineering spa- 
tial electric potentials 0, [13]. To date, the only class 
of single charge pumps which generate nanoampere cur- 
rents, albeit not yet reaching the metrological accu- 
racy, are based on electrons carried by surface-acoustic 
waves [lOj . On the other hand, the maximal reported cur- 
rents obtained with SQUID based pumps are tens of pi- 
coamperes although theoretically higher currents should 
be possible. 

In this Letter, we report measurements on a Cooper- 
pair sluice involving two controllable SQUIDs and one 
gate resulting in current of 1 nA. Advantages in the lay- 
out design, fabrication of a homogenous junction set, and 
improvements in the control pulse sequences allow us to 
pump several hundreds of Cooper-pairs per cycle which 
is more than a decade higher than in previous experi- 
ments. Thus a pumped current of a nanoampere level can 
be reached with frequencies of a few tens of MHz. Ulti- 
mately, the critical currents I c of the Josephson junctions 



of the pump limit the highest current possible to pass 
through the structure. Taking into account that only 
part of the duty cycle transfers charge through a partic- 
ular junction we are close but do not meet this limit with 
I c ~ 20 nA in our sample. 




FIG. 1: Scanning electron micrograph of the sample with a 
sketch of simplified measurement setup, (a) Overall sample 
layout showing on-chip coils and SQUIDs separating the is- 
land. Here the resistance in series with the pump is R — 5 kO. 
The additional cross-shaped structures serve to absorb the 
stitching errors in the lithography, (b) Magnified view of the 
island with four Josephson junctions. 

The measured sample consists of a /im-scale island 
linked to the leads by two SQUIDs, see Fig. dJ Each 
of the SQUIDs consists of two AlOx tunnel barriers of 
lateral size 60 nm x 100 nm fabricated by standard elec- 
tron beam lithography and two-angle evaporation into 
an all-aluminium device on oxidized silicon wafer. The 
detailed description of the operational principle and the 
measurement set-up of the sluice is presented in Refs. 
and LUJ. All the measurements were performed at sub- 
200 mK temperatures in a 3 He- 4 He dilution refrigerator. 

The normal state resistance of the device is R^ = 
16.1 kQ. This corresponds to critical current I c = 
19.5 nA and Josephson energy Ej/kB = 460 mK for 
a single junction according to Ambegaokar-Baratoff for- 
mula. We measured the Coulomb-blockade peak in the 
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differential conductance [l2[ at 4.2 K yielding the total 
capacitance = 2.3 £F and the corresponding charging 
energy Ec/k^ = 400 mK of the island. 
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FIG. 2: (a) Employed pulse sequence to control the gate 
voltage and the fluxes. The gate sweeps transferring charge 
through the SQUIDs are emphasized by gray columns, (b) 
Measured zero bias differential conductance as a function of 
static fluxes through SQUIDs 1 and 2. The black color marks 
the minimum and white the maximum conductance which is 
four decades higher than the minimum. Here the data is av- 
eraged over all possible gate voltages. The path traversed in 
this flux plane during the pumping cycle is marked by white 
lines, (c) Measured pumped current as a function of the phase 
shift of the gate pulse with respect to the flux pulses. 

We drive the pump by sending flux pulses to the 
SQUIDS using the on-chip coils and manipulating the 
island charge by a voltage on the gate synchronously, 
see Fig. [2ja). The pumping period begins with a flux 
ramp $1 : $o/2 — > which opens the SQUID 1 and 
a consequent gate ramp transferring desired amount of 
charge to the island. In the latter part of the cycle, we 
close SQUID 1 and open SQUID 2, after which the gate 
is ramped to its initial level. This channels the island 
charge through SQUID 2 which is thereafter closed again. 
The signal involves flat sections between the ramps allow- 
ing relaxation of possible transients developing due to the 
finite band width of the signal input lines. The pulse pa- 
rameters can be estimated from DC-measurements and 
fine tuned for each driving frequency as discussed below. 

Figure E^b) illustrates how the magnetic fluxes con- 
trol the zero bias differential conductance and hence the 
tunneling rates through the SQUIDs. Let us denote the 
mutual inductance from coil 1 (2) to SQUID 1 (2) by Mn 
(M22) and the cross coupling from coil 1 (2) to SQUID 2 
(1) by Mi 2 (M21). The measured inductance matrix for 
the reported sample is 

/ 6.5 0.06 \ „ 
M = {0.I2 6.6 J pR W 

The critical current of the on-chip coils and induc- 
tances M11 and M22 allow one to sweep over at least 
five flux quanta $ ~ 2.07 x 10~ 15 Wb through both 
SQUIDs. Currents above ~1 mA in the 2 fim wide and 
100 nm thick superconducting coils drive them into a re- 
sistive state resulting in local heating. However, only flux 



values from to $0 /2 are needed in the pumping experi- 
ment corresponding to - 0.15 mA currents in the coils. 
Since the parasitic inductances Mi 2 and M21 were negli- 
gible compared with other error sources, we do not need 
additional current pulses to compensate for the cross cou- 
pling fu\ . 

In the ideal operation of the sluice, one of the SQUIDs 
is always closed. However, non-zero residual Josephson 
energies of the SQUIDs introduce leakage and pumping 
errors 0, [H| • We minimize the leakage current by sweep- 
ing the flux pulse offsets and their relative phase shift 
while driving the rf-pulses on coils. Here we apply a con- 
stant gate V g = and bias voltage Vbias = 0.1 mV. 

From the e-periodic modulation of the TV- 
characteristics as a function of gate voltage, we 
extract the gate capacitance C g which is about 0.3 fF. 
We let the gate pulse to be symmetric with respect 
to zero voltage to avoid unintentional bias over the 
sample and denote its amplitude by V^ max . Figure [2jc) 
illustrates the pumped current as a function of the phase 
shift of the gate pulse with respect to the flux pulses. 
For each operation frequency, we swept over the full 
range of phase shifts and selected the one which yields 
the largest pumped current. Due to the flat sections 
of this curve, the pumped current is insensitive to the 
phase shift at the selected point. Note that a phase shift 
of 7r results in pumping in the opposite direction. 

We study the pumped current as a function of the gate- 
induced charge n = 2^ max C g /e, operational frequency /, 
and bias voltage Vbi aS7 see Fig. 03 Figure [31(a) shows that 
the pump generates an approximately constant current 
of desired magnitude in a wide region of positive T4ias- 
The pumping is sensitive to the operational point in the 
steep regions of the /V-curve. In contrast, the opera- 
tional points where the /V-curve achieves a local min- 
imum are stable since the current noise due to voltage 
fluctuations vanishes up to linear order. Moreover, this 
point yields a local minimum of leakage. 

In Fig. El(b), we focus on the n dependence of the 
pumped current. We note that the measured slope of the 
pumped current is close to the theoretical value, though 
some discrepancy still remains. Although we minimize 
the current leakage with available control parameters to 
find the optimal Vbias, leakage of tens of picoamperes per- 
sists, see the value of I at n = in Fig. [3](b). The inset 
of Fig. [3](b) shows steps of height 2ef in the pumped 
current, which are appearing in two-electron intervals in 
n due to the symmetric gate pulse. The possibility to 
count these steps from zero to large n gives a calibra- 
tion for the gate pulse amplitude. The fluxes through 
the SQUIDs control the tunneling rates of the Cooper 
pairs but not those of the quasiparticles, i.e., unpaired 
electrons. Hence, the number of electrons pumped per 
cycle must be even. However, we record data which is 
an average over even and odd number of excess electrons 
on the island since the tunneling rates of the quasipar- 
ticles (~ 0.1 /is -1 in Ref. 13) are much faster than our 
measurement time ~ 0.1 s per data point. 
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FIG. 3: (a) IV- characteristics for pumping at 15 MHz with 
gate induced charge ranging form n = to n = 400 in uniform 
intervals. Dashed vertical line shows the selected operational 
point in voltage bias, (b) Pumped current as a function of 
gate-induced charge for selected frequencies. The dotted / = 
nef + /leak lines are forced match the measurement data at 
n — 250 with Ji ea k as a fitting parameter. The inset shows 
the step-like behavior of the pumping. 



The observed results can be modeled using coher- 
ent or incoherent QUI theories. However, the mea- 
sured sample parameters fall into a regime where neither 
of them is strictly valid. If the pump was embedded in a 
highly dissipative environment in form of nearby on-chip 
resistors, which might also help to suppress the leakage, 
the operation of the device could possibly be explained 
in the approximation of discrete tunneling events 
In our design however, the resistors cannot be placed 
near the junctions because the SQUID loops are rela- 
tively large. 



To further reduce the residual Ej and leakage current, 
fabrication of identical junctions in each SQUID is re- 
quired. Our experiments indicate (data not shown) that 
a SQUID with three junctions Q helps in solving this 
inhomogeneity issue. Another approach is to replace the 
SQUIDs by more sophisticated topologies with several 
junctions in parallel and in series [13] • However, these 
structures require control over all the fluxes through the 
various loops and the gate charge of all the islands, which 
is an experimental challenge. 

In conclusion, we have demonstrated synchronized 
charge transfer on 1 nA level in a Cooper-pair sluice, 
still maintaining the step-like structure in the pumped 
current as a function of the gate amplitude. Besides the 
metrological application [1], the large current opens a 
possibility to use the sluice to measure the Berry phase 
in a superconducting circuit [18[. 
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